Recent years have shown a continuing interest in studies of the mesosphere-lower thermosphere region at low latitudes, with more than 50 papers dealing specifically with this area published over the past 5 years. Experimental ground-based work has been carried out mainly in South America and the Caribbean, India and the Pacific areas. Subjects of interest include gravity waves, tides and planetary waves, the temperature structure of the mesopause region, with special reference to temperature inversions and the two-level mesopause, sporadic neutral layers and their relationship with ionized layers, the possible effects of the micrometeoroid influx, and long-term trends in the MLT region. Experimental techniques in use include MF, MST and meteor radar, lidar, airglow (including satellite-borne limbscanning measurements) and rocket-borne instruments. Airglow imaging has shown itself to be a particularly useful technique, mainly for studying gravity wave propagation in the MLT region. This paper will present highlights of recent work and will discuss some of the problems which remain to be resolved.
Introduction
Our knowledge and understanding of the mesosphere and lower thermosphere has improved considerably during the past decade, although there are still some gaps, especially at low latitudes. Much recent work has been aimed at understanding the importance of energy and momentum transport by gravity waves, tides and planetary waves, and their interaction with the mean flow. This work has been carried out on both the experimental and theoretical fronts, and steady progress has been made in its application in GCMs. In this respect much recent experimental work has been aimed at Correspondence to: B. R. Clemesha (clem@laser.inpe.br) characterizing the various wave processes present in this region of the atmosphere, and measuring and understanding the latitudinal and zonal variations in the mean structure, together with its seasonal variations. This sort of work is necessarily global in its approach and, since this review is intended to concentrate on low-latitude aeronomy, it may receive here less emphasis than it really merits. Other subjects which have received attention are chemistry and composition, layering processes, mainly concerning sporadic neutral layers and their relationship to ionized layers, mesospheric temperature inversions and, last but not least, long-term trends. In the following paragraphs an attempt will be made to summarize recent progress in some of these areas.
Climatology and Structure

Climatology
Our knowledge of the global structure and climatology of the MLT region has improved dramatically over the past decade. This has been the result of satellite measurements by instruments such as HRDI and WINDII on board the UARS satellite, and ground-based measurements mainly made by lidar. Unfortunately, there have been few lidar measurements of the atmospheric temperature structure at low latitudes, so our detailed knowledge of the low-latitude climatology of the MLT region is not quite so satisfactory. An important advance in our knowledge of the temperature structure of the MLT region in constituted by the two level mesopause concept, first proposed by von Zahn et al. (1996) and subsequently confirmed by other workers (She and von Zahn, 1998; Berger and von Zahn, 1999; She et al., 2000; Thulasiraman and Nee, 2002) . These workers have shown that the mesopause occurs at around either 86 km or 100 km, but rarely in between. The lower level appears to occur only in summer at latitudes above about 23 • . At low latitudes the temperature distribution appears always to be similar in form to the midlatitude winter profile. This result is consistent with the lidar measurements of and the HRDI data presented by Thulasiraman and Nee (2002) . Thulasiraman and Nee (2002) , shows global temperature maps for the MLT region for the two solstices. The lack of seasonal variation in the low-latitude mesopause height can be clearly seen in this figure. Figure 2, based on Na Doppler lidar data from São José dos Campos, shows an average winter temperature profile for 23 • S. A detailed study of the seasonal variation in the lowlatitude MLT temperature structure has not yet been published, although airglow rotational temperatures for limited height ranges have been presented by Takahashi et al. (1994 Takahashi et al. ( , 1995 . Figure 3 , from Takahashi et al. (1995) , shows the measured annual variation in the rotational temperatures for the OH(9,4) band measured at Cachoeira Paulista (23 • S) and Fortaleza (4 • S), respectively. In this figure the points represent individual nocturnal means and the continuous lines connect the monthly averages. These temperatures, which are believed to refer to a height of around 87±4 km, show a strong semiannual variation at the near-equatorial station, and a weaker variation at 23 • S. In neither case is there any significant annual component. A difficulty in interpreting the rotational temperature measurements is, of course, the lack of knowledge of the precise height distribution for the emission. It is also possible that the height of the emission itself shows a seasonal variation, in which case any vertical gradient in temperature would appear as a seasonal variation. It is interesting to note that there appears to be a discrepancy between the ground-based measurements and the satellite measurements for low latitudes. Both the OH rotational temperature measurements of Takahashi et al. (1995) and the resonance lidar measurements of show considerably higher temperatures than those measured by the HRDI and HALOE instruments. It may also be relevant that She et al.'s (2000) winter temperatures for 41 • N also appear to be warmer than those derived from the satellite measurements.
Traditional climatological models such as CIRA and MSIS do not reproduce well the temperature structure of the MLT region at low latitudes. Jonnson et al. (2002) have compared a climatology derived from the HALOE instrument aboard the UARS satellite with both CIRA86 and the Canadian Middle Atmosphere Model (CMAM), and find much better agreement with the latter. At low latitudes the difference between the HALOE upper mesospheric temperatures and CIRA is nearly 25 K in April (see Fig. 4 ). The existence of data sets such as those from HRDI and HALOE make it possible to update the empirical models, and a new version of CIRA should be available in the near future.
Layering processes
The MLT region shows various types of fine structure, some of which is not yet well understood. At high latitudes polar mesospheric or noctilucent clouds (PMC/NLC) are believed to consist of ice crystals which form near the mesopause. An interesting aspect of this subject is the possible long-term trend in NLC occurrence which could be the result of increasing methane in the atmosphere. The absence of PMC at low latitudes is probably due both to a lack of sufficient water vapor and insufficiently low temperatures. Other types of layers do occur at low latitudes, of course, the best known of which are the sporadic-E-ion-layers (Es) believed to consist of metallic ions of meteoric origin, concentrated into a thin layer by the effect of wind-shear in the presence of the Earth's magnetic field (Whitehead, 1989) . Less well understood are the thin layers of meteoric metals known as sporadic neutral layers (Ns). These were first observed in sodium by Clemesha et al. (1978) , and have subsequently been detected in other metals such as iron, calcium, potassium and magnesium. The layers, which are detected by resonance lidar, appear to form much more frequently at low and high latitudes than at mid-latitudes. A number of different mechanisms have been suggested for the formation of these layers, but the neutralization of wind-shear concentrated metallic ion-layers appears to be the most plausible. In this respect the modeling studies and laboratory measurements of the relevant rate coefficients by John Plane and his coworkers (see, for example, Cox et al., 2001 ) have been most important. One of the reasons for believing that Ns-layers are produced by neutralization of Es-layers is the close, although not one-to-one, correlation of Ns occurrence with that of Es. It has also been observed that Ns-layers generally move downward with time, and the downward velocity decreases with height . This is consistent with the wind-shear theory for sporadic-E, where increasing ion-neutral collision frequency at lower heights causes the ion-layer to lag behind the downward motion of the tidal wind nodes. An example of downward motion in Ns-layers is shown in Fig. 5 (taken from Clemesha et al., 2001 ). This figure shows that the downward propagation of the Ns-layers accompanies the phase propagation of the tidal winds, as would be expected from the wind-shear theory. A problem with ion-layer neutralization theory for sporadic sodium layers is that rocket-borne mass spectrometer measurements of Na + ions have generally shown very low concentrations. The number of reliable measurements of this sort, however, is insufficient for any firm conclusions to be made on this aspect of the problem.
Recently, a new type of structure has been observed in the atmospheric sodium layer over Arecibo, Puerto Rico, by Kane et al. (2001) . This structure, which appears to occur mainly at and above 100 km, shows complex cusp-like forms, and does not appear to be related to the more frequently reported Ns-layers. Pimenta et al. (2002) refer to these as Cstructures. An example of this type of structure, taken from Kane et al. (2001) , is shown in Fig. 6 . The Puerto Rico workers have suggested that C-structures might be the result of the billows of an overturning wind, however, it is not at all clear that this is really the case. Although the structures admittedly have the appearance of an overturning wave motion, it must be remembered that the lidar measures a time-height history of the sodium concentration, not a two-dimensional spatial distribution. Structures of this sort have not been reported from mid-or high-latitude locations, but this could be that they have simply not been noticed. After Kane and his coworkers published their 2001 paper we searched our data from São José dos Campos (23 • S) and found that they do occasionally occur at this location (see Pimenta et al., 2002) . The understanding of both conventional Ns-layers and Cstructures would greatly benefit from measurements of the horizontal structure in these layers. There exist lidars capable of this sort of measurement, and it is to be hoped that such a study will be carried out in the not too distant future.
MLT Dynamics
Tides
Atmospheric tides can be measured by a number of techniques, including lidar, meteor radar, and MF radar. The HRDI and WINDII instruments on board UARS have been used to determine the temperature component of tidal oscillations. One puzzling aspect of the temperature tides is that the measured amplitudes for low-latitude locations are typically twice those predicted by models. Figure 7 , taken from Leblanc et al. (1999) , shows an example of this. Tides derived from Rayleigh lidar measurements at Mauna Loa (19.5 • N) are compared with the Global Scale Wave Model (Hagan et al., 1995 (Hagan et al., , 1999 (Hagan et al., , 2001 ). The vertical profiles of both amplitude and phase are in very good agreement with the model output, but only if the amplitude of the modeled tide is multiplied by a factor of 2. A similar discrepancy was found by Hecht et al. (1998) with respect to a comparison of sodium Doppler lidar measurements made at the latitude of Hawaii (19.5 • N) with the TIME-GCM (Roble and Ridley, 1994) . On the other hand, Shepherd et al. (1998) find WINDI temperature measurements generally consistent with the TIME-GCM.
Measurements of tidal winds have been made at low latitudes by MF and meteor radar. Batista et al. (2002) have compared meteor radar measurements of diurnal and semidiurnal tides made at Cachoeira Paulista (23 • S) with the GSWM predictions. The results of this comparison are shown in Figs. 8 and 9 . Figure 8 shows the average measured ratios between the diurnal and semidiurnal tides for the periods April 1999 to March 2000 and April 2000 to March 2001, and compares these to the GSWM. Although there is some agreement, there are also some striking discrepancies. In particular, the predicted ratios of the diurnal to semidiurnal tidal amplitudes, mainly for the zonal wind, are much larger than the measured ones (see Fig. 8 ). This is true for the zonal wind above 82.5 km and for the meridional wind below 87 km. There is also an abrupt change in both phase and amplitude in November/December, especially in the diurnal zonal wind, not predicted by the GSWM. This can be seen in Fig. 9 , which shows the annual variations of the amplitude and phase of the zonal component of the diurnal tide, and a comparison with the GSMW00 model. It is clear that considerable discrepancies remain between models and experiment. Part of this difference could be due to the fact that the model predictions are for zonal averages, and we do not, as of yet, have enough experimental observations to fully characterize longitudinal variations in the tides.
Gravity waves
An understanding of the importance of internal gravity waves as a mechanism for transporting energy and momentum from the lower atmosphere to the MLT region, allied with the development of improved techniques for measuring gravity waves in the mesopause region, has resulted in increased interest in this subject over the past few years. Source characterization, mainly in terms of orographic forcing and tropospheric convective systems, is an important although, as of yet, little explored subject. At low latitudes it is generally assumed that tropical convective systems play a major role. Also important in this respect is the filtering of upward propagating gravity waves by tropospheric and stratospheric winds. All these effects need to be included in GCMs but, as of yet, their inclusion is implemented only in terms of empirical models.
Techniques for observing gravity waves in the MLT region include lidar, airglow imaging and MF radar. The development of large area, high quantum efficiency CCD detectors has led to major advances in the imaging of airglow emissions over the past decade. Since these emissions are modulated by the passage of gravity waves, they provide an excellent technique for determining horizontal wavelengths, periods and direction of propagation of the latter. The emissions used are mainly the near-infrared hydroxyl bands, the O 2 atmospheric bands and the OI 557 nm atomic oxygen emission. Since these emissions come from slightly different heights, it is possible to derive some information on the height structure of the waves, although lidar has better capabilities in this respect. The main advantage of airglow imaging is, however, the comparative simplicity and reliability of this passive technique.
The filtering of gravity waves by winds has been investigated experimentally by Medeiros et al. (2002) , who used imaging measurements of the near-infrared airglow emissions from around 87 km, to characterize the propagation direction of short period gravity waves, observed at 23 • S, as a function of season. They found a strong seasonal variation in the predominant propagation direction, which they relate to winds at lower levels. Using the model winds from Horizontal Winds Model -HWM93 (Hedin, 1996) they show the existence of critical blocking levels coherent with the observed seasonal variation in GW propagation direction. The results of Medeiros et al.'s work are summarised in Fig. 10 . From this figure it can be seen that their data is fully consistent with complete blocking of westerly propagation in the summer, and very considerable blocking of easterly propagation in winter. Considering that the winds are derived from an empirical model, the agreement is remarkably good.
With respect to the generation of GW by convective processes it is clear that this is most likely to occur at low latitudes during strong tropical storms. There is some experimental evidence of this but little in the way of systematic studies has been done. An example is given in Fig. 11 (Takahashi, private communication) , showing gravity waves detected in the OH airglow by an imaging photometer, apparently related to tropical storm sources located approximately 900 km to the west. It is certainly to be expected that gravity waves should be generated by such a mechanism. Walterscheid et al. (2001) have modelled the generation of smallscale GW by deep tropical convection and show that the waves could propagate several thousand km via ducting processes. In general, for the low-latitude MLT region, it seems that theoretical modelling is ahead of experimental studies, and there is an urgent need for coordinated observations capable of linking the occurrence of GW with potential sources. In this respect it should be pointed out that a surprisingly large number of MF radars operating at low-latitude sites exist, including Hawaii, Puerto Rico, Ascension Island, Indonesia, India and Christmas Island, so it is to be expected that the required data should become available in the not too distant future. 
Planetary waves
It is clear that planetary waves make a major contribution to the winds in the MLT region, but it is not yet clear to what extent such waves might be generated in situ, or whether their main source is in the troposphere. By their very nature, planetary waves need to be studied on a global scale, and are thus not specifically pertinent to this review. For this reason we will restrict ourselves to showing a few recent observational results for low latitudes. Figure 12 shows the annual variation in occurrence of 2.5-and 3.5-day waves observed in airglow measured at São João do Cariri (6 • S). The 2-day wave is strongest in late spring and summer, whereas the 3.5-day wave is also present in winter. Figure 13 , from , shows the meridional wind spectrum at a height of 90 km measured by meteor radar at São José dos Campos (23 • S) over a period of nearly 3 years. A strong 2-day planetary wave can be seen to occur between December and April of each year. It is interesting to note that the 2-day wave is at least as strong as the semidiurnal tide, and that the appearance of the 2-day wave is preceded by a sharp minimum in the diurnal tidal amplitude, which occurs in November/December each year.
Long-term change
The long-term increases known to be occurring in the concentration of several greenhouse gases, most notably CO 2 and methane, are expected to cause a cooling of the upper atmosphere. Model predictions, mostly based on the doubled CO 2 scenario, differ in the details of the height dependence of the cooling trend. One of the earliest studies of this sort, by Roble and Dickinson (1989) , found a temperature decrease of 15 K at 50 km and more than 50 K at 400 km. In recent years, a number of workers have developed more detailed atmospheric models, allowing predictions to be made for the effect of increased greenhouse gas concentrations. Brasseur et al. (1990) presented a chemical-dynamical-radiative model which includes Rossby wave absorption and gravity wave breaking. For the doubled CO 2 scenario they found maximum cooling at around 50 km, with temperature changes between −16 K at the winter pole to 8 K at the equator. This model gave a small increase in temperature below 20 km, and zero effect at 70 km. Akmaev and Fomichev (2000) have modeled the effects of the increase in CO 2 known to have occurred over the past 3-4 decades. For a change in CO 2 concentration from 331 to 360 ppm, they found temperature changes going from 0 at 20 km to about −10 K at 180 km. The trend did not increase monotonically with height, and was close to zero at 120 km. The trend modeled by Akmaev and Fomichev (2000) provides a convenient basis for comparison with measured trends. Portmann et al. (1995) studied the effects of including dynamical feedbacks in the Garcia and Solomon (1985) two-dimensional model. They found that such feedbacks have a major effect, especially at the summer pole, where the doubled-CO 2 scenario produced net heating of about 14 K without feedbacks, but a cooling of around 6 K with. Portmann et al. obtained typical trends, with dynamical feedbacks included, of 0 K at 20 km to −25 K at 110 km. The wide range in trends predicted by the various models is indicative of the comparatively primitive state of the art.
A number of workers have attempted to detect a longterm trend in experimental data pertaining to the mesosphere and lower thermosphere. Rocket measurements, for example, made over a period of around 30 years, have been analyzed by various groups (Kokin and Lysenko, 1994; Keckhut et al., 1999; Dunkerton et al., 1998; Lübken et al., 2000) . Most of these studies were for middle and high latitudes, but the measurements made at Thumba (Kokin and Lysenko, 1994; Beig and Fadnavis, 2001 ) are for 8 • N, and are thus relevant to this review. The trend derived by Beig and Fadnavis (2001) , shown in Fig. 14 , varies between 0 at 15 km to about −6 K/decade at 70 km. Most of the analyses have shown similar negative trends, but the reliability of the measurements is questionable in view of calibration problems and technical changes which occurred within the time se-B. R. Clemesha: A review of recent MLT studies at low latitudes ries. Other studies have been based on satellite radiometer measurements (Aikin et al., 1991) , lidar (Aikin et al., 1991; Keckhut et al., 1995 Keckhut et al., , 2001 , the height of radio wave reflection (Bremer, 1992; Jarvis, 1998; Taubenheim, 1997) and airglow measurements of rotational temperature (Golitsyn et al., 1996; Bittner and Offermann, 2000) . Most, although not all, of these studies, which are all for middle or high latitudes, have shown decreasing temperatures in the mesosphere and thermosphere.
Eleven years ago we published a paper (Clemesha et al., 1992) which demonstrated the existence of a statistically significant long-term trend in the centroid height of the atmospheric sodium layer measured by a sodium lidar operating at São José dos Campos (46 • W, 23 • S). We pointed out that the decrease in the centroid height, observed from 1972 to 1986, could be interpreted as evidence for a decrease in the height of isobaric levels in the atmosphere, resulting from global cooling. In a later paper (Clemesha et al., 1997) , we analyzed an extended data set, going up to 1994. The new analysis continued to show a negative trend (although somewhat reduced in magnitude), together with a possible solar cycle variation. This study showed, however, that the decrease in height of the centroid did not result from a simple lowering of the layer, but involved a change in its shape, which we suggested might be the result of a change in the phase of the solar diurnal tide. We have recently re-analyzed our sodium data, including observations made up to the end of 2001, and find that over the past 30 years there has been no significant net linear long-term trend . This result is illustrated in Fig. 15 , where the mean vertical distribution of sodium measured between 1972 and 1986 is compared with the mean profile for 1987 to 2001. There exist no other relevant long-term MLT data series for low latitudes, but it is interesting to note that the most reliable long-term series available for mid and high latitudes also show no net trend. Lübken (2000) found no significant difference between temperature profiles made by the rocket-grenade technique in the sixties and recent data from falling spheres. Bittner et al. (2000) have measured OH rotational temperature over a period of 13 years, using a carefully calibrated grating spectrometer, and also find no linear trend. It should be noted that both of these techniques are reliable, neither involving difficult absolute calibration problems. We must conclude that, at all latitudes, the reality of the predicted long-term temperature trend in the MLT region remains an open question.
Conclusions
Over the past decade significant advances have been made in our knowledge and understanding of the low-latitude MLT region. On the experimental front these advances have come from both local ground-based measurements and from global satellite-borne experiments. On the theoretical side, steady progress has been made in understanding the behavior of the region, especially concerning the role of wave processes in transferring energy and momentum from the lower atmosphere to the mesosphere-lower thermosphere. Discrepancies and questions remain in a number of areas. There appears to be a lack of agreement between the satellite measurements of the temperature structure in the mesopause region and ground-based observations. On the question of long-term change, a subject of paramount importance, there is conflicting evidence: although numerous studies indicate long-term cooling of the MLT region, the most reliable measurements appear to indicate no change over the past 30 years. Since frequent and accurate measurements of the mesopause temperature structure started only about 10 years ago, it will be some time yet before any definite conclusions can be drawn on this subject.
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